approximately 120 lb and is flown under a commercially Symbols available ram-air parafoil. Key components of the vehicle include the Global Positioning System (GPS) guidance for K navigation, a flight control computer, an electronic compass, a yaw rate gyro, and an onboard data recorder. A k flight test program is being used to develop and refine the • vehicle. The primary flight goal is to demonstrate autonot mous flight from an altitude of 3,000 m (10,000 ft) with a lateral offset of 1.6 km (1.0 mi) to a precision soft landing. 5°T his paper summarizes the progress to date. Much of the navigation system has been tested, including a heading "r tracker that was developed using parameter estimation techniques and a complementary filter. The autoland portion of the autopilot is still in development. The feasibility o_, of conducting the flare maneuver without servoactuators was investigated as a means of significantly reducing the servoactuator rate and load requirements. shape (spacewedge) that is flown under a ram-air parachute. The spacewedge contains a flight control computer, actuators, and sensors that include a Global Positioning System (GPS) receiver for navigation. For this study, the feasibility demonstration would consist of autonomous navigation and soft landing at a selected landing site after deploying the vehicle at 3,000-m (10,000-ft) altitude with a lateral offset of at least 1.6 km (1 mi). The required precision is to land within 0.4 km (0.25 mi) of the target landing coordinates.
Other potential uses for this technology include offset cargo delivery from aircraft and recovery of high-altitude balloon payloads. (288-ft 2) ram-air parachute to yield a wing loading near 2A kg/m 2 (0.5 lb/ft2). This wing loading is similar to that used by a student parachutist but lower than would be used for actual spacecraft recovery. The low wing loading provided an extra measure of safety for the phase-1 flights.
Limited
As a cost-saving measure, commercially available hardware (i.e., the flight actuators and sensors) was used where available. The flight control computer and its related software were contracted out.
• A flight test program was used to develop and refine the phase-1 vehicle. The development included several ground tests and manual flight using a radio uplink. The last 4 flights of a total of 36 were used to demonstrate the autonomous system. One flight was conducted in flight conditions with winds that were, at times, equal to the vehicle airspeed. This particular flight was launched from an altitude of 3,000 m (10,000 ft) with a lateral offset of 2.7 km (1.7 mi).
Phase 2
The second phase, which began in March 1993 and is still in progress (March 1994) , has similar demonstration objectives. The primary objective is to accomplish a flight demonstration similar with that flown in the first phase but with a wing loading representative of a full-scale space-
craft. An 8.2-m 2 (88-ft 2) personnel-sized parachute is being used with a similar 54-kg (120-1b) personnel-sized flight vehicle to attain a wing loading of 6.8 kg/m 2 (1.4 lb/ ft2). The vehicle will be ballasted to 79 kg (175 lb) to achieve the desired wing loading of 9.8 kg/m 2 (2 lb/ft2).
Phase 2 also includes upgraded control algorithms and an upgraded flight control computer.
The small, personnel-sized parafoil limits the applicability of the research findings. Some of the critical issues of large-scale parafoil systems (such as weak directional control authority) are not being addressed in this project. Two critical issues for the phase-2 system that are unrelated to 
Vehicle Description
The spacewedge vehicle, shown in figure 1, comprises a flattened biconic airframe that was joined to a ram-air parafoil with a custom harness. In the manual control mode, the vehicle was flown using a radio uplink. In the autonomous mode, the vehicle was controlled by a small onboard computer that received inputs from flight sensors.
Selected data also were recorded by the onboard flight control computer.
EC 93 of approximately 4.5 kg (10 Ib) of force. In parafoil terminology, "full brake" refers to the condition of fully retracted (pulled) control lines and results in vehicle flare, while "full flight" refers to fully extended control lines and results in high-speed flight. With the exception of lengthened control lines, the parachute rigging has not been modified. Lengthened control lines have been attached to servo arms. A fabric-sliding device called a "square slider," which is traditionally used to soften the opening loads of ram-air parachutes, has been retained.
Instrumentation and Control System
The instrumentation and control system are integrated into one processor. Figures 3 and 4 show a conceptual block diagram and photo of the system. The main central processing unit is a commercial single-board computer using a MC 68332 microcontroller. This board is supplemented with several NASA Dryden-designed and manufactured interface boards for providing power, processing analog and digital sensor data, and controlling actuators.
Several commercial sensors are used including the GPS receiver, rate gyros, electronic compass, and absolute pressure transducer. The GPS receiver is a primary sensor, providing time, position, and velocity information4 to the computer. The GPS hardware is a commercially available, 5-channel, coarse acquisition code receiver. NASA Dryden-developed sensors include the control position transducers (CPTs) and a true airspeed system consisting of an optical counter to measure the revolutions of a small impeller. The true airspeed sensor has been added for system development only. the van to a preselected target on the lakebed, the ground test was considered successful. Although this is a relatively efficient way to validate much of the hardware and software, it does not substitute for flight tests. In flight, the effects of winds, trim offsets, and sensor degradation during maneuvering can be significant.
Flight Test Techniques
Several flight test operations were conducted to develop and refine the control system. Before each flight, control The development flights were launched from 1800 m (6000 ft) above the ground with an offset from the landing site that varied between 0.8 and 1.6 km (0.5 and 1 mi).
Total flight time was about 6 rain. Data maneuvers or autopilot evaluation started after the first minute and lasted for the next 2 to 3 rain. The remaining flight time was used to safely return the vehicle to the landing site.
Manual flying was used for all the development flights.
Onboard systems were added incrementally and validated independently in a flight environment. For the first two flights, only the uplink receiver and servos were installed.
The flight control computer was added starting with the third flight, but it was only used as a datalogger for the sensors that were on board. By flight 10, the GPS system was added; the yaw rate gyro and airspeed sensor were 
Heading Angle Reconstruction
Although the compass provides a good heading in steady flight, its output is unreliable during dynamic maneuvering because of its lag, magnetic dip, and saturation at large bank angles. The compass by itself was not usable for either postflight analysis or as a feedback signal.
The solution was to combine both yaw rate and the compass as inputs to a modified complementary filter that reconstructed a heading angle for use as a feedback signal. The improvement in bandwidth and correction of gross inaccuracies are illustrated in the time history plot ( fig. 14) showing measured yaw rate from the gyro, measured heading from the compass, and reconstructed heading from the complementary filter. While the measured compass signal takes a few seconds to respond to the turn initiated about t = 20 sec, the reconstructed heading signal responds almost immediately. As the turn accelerates, the electronic compass hits its mechanical travel limit and the measured compass signal fails. The reconstructed heading signal is consistent with the yaw rate throughout the turn and smoothly transitions to the measured compass signal upon completion of the turn. The reconstructed heading is also unaffected by the apparent turbulence-induced yaw rate from about 90 to 140 sec.
Directional Trim Alleviation
The small parafoil has exhibited unexplained flightto-flight variations in directional trim. To counter this trim variation, a proportional integral derivative controller has been implemented in the autopilot software ( fig. 5) . The controller tracks a low-bandwidth commanded heading signal and uses the integral term to null out the effect of the trim variations. For the generalized parafoil control problem, this solution to the directional trim problem is analogous to having a system that works even with a poorly rigged parafoil. 
Future Work
The process planned for designing the autolanding controller is similar to that used for designing the heading
tracker. An altitude-to-elevator (symmetric control line) transfer function will be obtained using parameter estimation techniques. The ultrasonic range sensor will be installed as the ground relative altitude sensor. The ultrasonic sensor, however, is of limited bandwidth and resolution and will likely need enhancement from either a normal accelerometer or pitch-rate gyro. This approach will allow for the dynamics of the flare maneuver to be modeled and the autolanding controller to be designed.
Concluding Remarks
A program was conducted to determine the feasibility of the autonomous recovery of a spacecraft using a parafoil system for the final stages of entry from space. The feasibility was studied using a generic subscale flight model spacecraft that weighed approximately 54 kg (120 Ib) and was flown under a ram-air parachute. Key elements of the vehicle included Global Positioning System (GPS) guidance for the autonomous navigation, a flight control computer, an electronic compass, a yaw rate gyro, and the onboard data recording. A flight test program is being used to develop and refine the vehicle. The development has included several ground tests, manual flight using a radio uplink, and limited testing of the autonomous mode. The concept of a flexible deployable system that uses autonomous navigation is proving to be a practical technique for recovering spacecraft. An alternative flare technique using the vehicle's weight to pull down the control lines was shown to be viable. Work toward a fully autonomous flight with a precision flare and landing into the wind is in progress.
